In pursuit of sustainable buildings, construction professionals must overcome the challenge of selecting a combination of building assemblies and materials that satisfy all project objectives including sustainability. Optimization techniques have been used in the selection process of optimal or near optimal solutions based on multiple building objectives such as project cost, duration and environmental impacts. SimulEICon is a tool that can aid researchers in understanding relationships among multiple project objectives. In addition, the tool can also help design and construction professionals properly select building materials and components. SimulEICon is applied to a case study that includes the construction of building envelope. The results show that at least in theory there does not exist a design solution that is clearly dominating and always chosen in different scenarios simulated using Monte Carlo simulation. In addition, trade-off relationships are mostly observed between time and cost, as well as time and CO 2 emissions. It is interesting to observe that the case study shows a non-trade-off behavior between cost and CO 2 emissions in many cases. Certainly, future studies are needed to further verify these observations.
INTRODUCTION
The concept of sustainability has captured the attention of professionals in the architecture, engineering, and construction (AEC) industry. The practice of sustainable buildings is also referred to as green buildings including features such as low energy consumption, or low pollution emissions (GhaffaroanHoseini et al. 2013 ). The analysis of sustainable buildings is often based on the material and total energy consumption of buildings during their life cycle (Rincón et al. 2013) . Sometimes, the wide range of sustainable design options challenge construction and design professionals to select appropriate building materials and components, which can best satisfy all selected project objectives.
Optimization techniques sometimes have been used in the selection process of optimal or near optimal solutions based on multiple building objectives such as project cost, duration and environmental impact. It has been shown that the early design stage of a building is critical for clearly defining sustainable goals. The work by Leon and Laing (2013) substantially supported the importance of the early design stage and stated that decision-making in this step had significant impact on project objectives such as cost and project performance. Hsu and Liu (2000) indicated that 75% of final project costs were caused by decisions made in the conceptual design stages. Wang et al. (2002) also supported that the impact of decision-making during the conceptual design was more important than in other stages.
It is presently common for construction professionals to focus primarily on the environmental parameters such as greenhouse gas emissions (CO 2 emissions), fuel consumption or other pollutant emissions, which can have adverse effects on human health and the surrounding environment. According to Zhu et al. (2012) , in the decision-making process during the design stage, there is a lack of tools or applications that have the ability to aid design and construction professionals in choosing optimal building assemblies or material or methods based on quantitative analysis. The Simulation of Environmental Impacts of Construction (SimulEICon) has been developed as a tool to reveal relationships between time, cost and environmental impact, which can also help professionals in selecting building of components under multiple objectives during the design phase. This paper is aimed at observing and analyzing the chances of obtaining dominant design solutions and trade-off relationships between time, cost and environmental impacts.
LITERATURE REVIEW

Application of multiple objectives optimization in sustainable designs
Decisions in building designs are typically based on more than one objective. Traditionally, decisions are made to satisfy two main objectives in construction projects, project cost and duration. Many research studies were conducted to solve and examine relationships between them (Leu et al. 2001; Chan 2001; Choudhury and Shankar 2003; Eshtehardin et al. 2009; Sonmez and Bettemir 2012) . In competitive bidding of construction projects, contractors were pressured to improve the quality of their work. In those cases, a time-cost objective was not adequate anymore; quality should be included as another project objective as well. An Iron triangle concept of time-cost-quality was then introduced by Atkinson (1999) .
Nowadays time-cost-quality problems are still in the attention of many researchers. For example, Tavana et al. (2013) proposed a new multiple objectives multi-mode model aiming at solving time-cost-quality problems in project scheduling. Mungle et al. (2013) suggested a fuzzy clustering-based genetic algorithm approach facilitating time-cost-quality trade-off problem.
Construction activities have been identified as a major source of environmental pollutant emissions and as a major consumer of global resources (Ding 2008) . The recent development of research in sustainable construction let to attempts to include environmental considerations as another project objective. Multiple objectives analysis is thus appropriate for selecting sustainable designs.
Genetic algorithms and Monte Carlo simulation
Optimization according to a single objective perhaps rarely exists in existing sustainable building designs because most problems imply multiple objectives. This creates a need of effective search techniques in order to find acceptable optimal solutions based on a set of objectives. Evolutionary algorithms (EAs) are often used to solve multiple objective optimization problems, because they are able to deal with complex issues such as discontinuous objective functions, feasible disjoint patterns, and multimodality (Fonseca and Fleming 1995) . Examples of popular EAs are evolutionary programming, evolution strategies, and genetic algorithms (Bäck and Schwefel 1993) . Genetic algorithms have been used in many research fields. They were firstly developed by Holland (1975) with the idea of natural selection. Genetic algorithms were utilized in many design optimizations (Rajeev and Krishnamoorthy 1997; Camp et al. 1998; Wang and Ohmori 2010) . Cieniawski et al. (1995) examined multi-objective issues in groundwater monitoring using genetic algorithms. They concluded that genetic algorithms had more advantages over traditional methods. They also used Monte Carlo simulation to randomly generate aquifer parameters and leakage events from presumed distributions. Monte Carlo simulation has been integrated with Genetic Algorithms in order to account for data uncertainty and availability in the real world situation. Lazo et al. (2003) proposed a decision-making model using genetic algorithms and Monte Carlo simulation for oil field development. Monte Carlo simulation was applied to simulate oil prices based on market uncertainties. Babayan et al. (2005) also combined Monte Carlo simulation and genetic algorithms to solve the design of a water distribution system. The results showed that oversight of uncertainty in the stochastic design problems could lead to risk in the design. Many other researchers have also presented their work which applied both genetic algorithms and Monte Carlo simulation, such as optimizing plant design (Cantoni et al. 2000) , finding effective maintenance policies optimization (Marseguerra and Zio 2000; Marseguerra et al. 2002) , modeling knowledge management performance measurement (Kuah et al. 2012) , and managing spare part inventories (Marseguerra et al. 2005) .
SIMULEICON INTRODUCTION
The first version of the SimulEICon application was created as an add-on application in Autodesk Revit Architecture and had the ability to directly run the genetic algorithm-based simulation from three-dimension models or building information models (BIMs). Thereafter, a new development of SimulEICon has continued in the MATLAB environment. SimulEICon simulates and generates results using non-dominated sorting genetic algorithm II or NSGA-II optimization. A set of optimal or near optimal solutions are obtained by considering three main objectives, construction time, construction cost, and CO 2 emissions. Data such as quantities of materials or assemblies can be retrieved from a specific model or quantity take-off. Unit cost and productivity data are from RSMeans Building Construction Cost data. CO 2 emissions can be generated from life cycle assessment tools such as ATHENA Impact Estimator, Building for Environmental and Economic Sustainability (BEES), and SimaPro. Unit costs consist of material, labor and equipment costs. The costs account only for the initial construction cost of a building. CO 2 emissions generated during the operating phase of the building are not considered in the simulation.
To address data uncertainty and availability, Monte Carlo simulation is applied to SimulEICon. All data are behaviorally distributed using relevant probability distributions based on literature review. The application starts with randomly selecting unit cost, CO 2 emission unit and productivity from distributions at material level. Those data are aggregated to assembly or component level. After that, NSGA-II is used to search for optimal solutions from alternatives and estimate total time, cost and CO 2 emissions at building level.
CASE STUDY
SimulEICon is used to analyze a case study called the Future House USA Project. It is a two-story residential building located in Beijing, China. The design consists of 16 activities with over 100 assembly options. The options are chosen based on comparable functions, for example, all exterior alternatives provide the same thermal resistance property. The total possible solutions of this project based on different combinations of assembly options are approximately 24 billion. The project was tested with 1,000 Monte Carlo simulations, meaning that there are 1,000 random inputs and optimal outputs of NSGA-II. Figure 1 presents the results of 1,000 sets of optimal solutions. 
ANALYSIS
The results from simulations show that only 11,628 combined solutions are occurred and accounted for optimal solutions from the simulations. Figure 2 shows a histogram of unique optimal solutions with their frequency. Table 1 presents two solutions (combination number 3759 and 6702) and their chosen alternatives. Those solutions have the highest frequency, which are however only 30 times out of 1,000. If each Monte Carlo simulation can be related to a different construction context defined key project features such as productivity rate, unit cost and material selections, this observation shows that in theory there does not exist an absolute optimal solution, which may appear in the majority of simulations.
Furthermore, the results are analyzed in order to observe the relationship between objectives. Regression techniques are used to fit the data derived from each simulation. Data patterns from 1,000 simulations are then compared to determine the consistency of observations. Three expectation data patterns are used in this case study, linear, second-order polynomial and third-order polynomial functions. The goodness of fit for regression functions is presented by R-squared measures (R 2 ) or coefficient of determination. Values of R-squared are in the range of 0 to 1. The closer of an R value to 1, the better fit of the data pattern. Moreover, the confidence of results is examined by dissimilarity measurements between the data pattern of each simulation using Procrustes analysis. This analysis is used to compare two set of data in term of shape (Ross 2004) . The results from the analysis are shown as dissimilarity measures (d). 1,000 simulations are paired and estimated d values are calculated. The value of d closer to 0 signifies the greater similarity between the data patterns of two simulations. Table 3 shows a summary of analysis of relationship between construction time and construction cost. Table 4 and table 5 are summaries showing relationship analysis of construction time and EI (CO 2 emissions), and construction cost and EI (CO 2 emissions), respectively.
From Table 2 , one can observe that: Regarding construction time and cost -if R 2 is set to 0.9 or better, the third-order polynomial distribution function seems to be the most frequent best fit to data. However, the frequency is still relative low, about 46%. This means other there are other data patterns observed as well. On the other hand, similarity of data patterns between simulations is high, about 0.1716.
Regarding construction time and EI, as well as construction cost and EISimilar observations have been made. There are not many data patterns that fit to one particular regression function. Similarity of data patterns between simulations is relatively high. 
Figure 2. Combined solutions and their frequencies histogram
The above observations seem to suggest that data sets from 1,000 simulations don't converge to a particular pattern. On the other hand, visual observations to data in Tables 4, 5 and 6 indicate that trade-offs between time and cost, as well as time and EI exist in majority of the cases with few exceptions. On the other hand, data of cost and EI show a different pattern, which this seems to suggest non-trade-off behaviors with exceptions. CONCLUSIONS This paper presents SimulEICon as a tool that can aid researchers in understanding relationships of multiple project objectives. In addition, the tool can also help design and construction professionals properly select building materials and components. SimulEICon is developed by integrating genetic algorithms as a search engine and Monte Carlo simulations as an uncertainty analysis tool in order to find feasible and optimal design solutions based on three objectives in the case study, construction time, construction cost, and environmental impacts, represented by CO 2 emissions.
The results of the case show that: 1) If only considering the three objectives without other design, engineering and construction constraints, there is not one design solution that is clearly dominating. It is thus unlikely that a chosen design option is absolutely dominant to others, or dominated by other, if the chosen design option is one of the optimal design solutions. This proposition is reflected in real world where the decision of design selection is often influenced by many factors other than time, cost and environmental impacts. 2) It seems that trade-off relationships do exist between construction cost and time, and construction time and CO 2 emissions in many cases. While the trade-off relationship between cost and time is well understood, it is interesting to see the trade-off relationship between time and CO 2 emissions. Further analysis is needed to quantitatively understand the relationship between time and CO 2 emissions. 3) The results show that in many cases there does not exist a trade-off relationship between cost and CO 2 emissions. This is mainly because construction cost, in this paper, is an initial cost or direct cost such as materials, equipment and labor. As stated, adding more resources can result in higher CO 2 emission. Thus, higher costs may be associated with higher CO 2 emissions. These conclusions are derived based on one case with limited scope of work. Future studies will include more cases and large scope in each case study to derive better results. In addition, the case study shows that using regression to determine data patterns may not be a good choice because the data sets very likely don't converge to a particular pattern. Other methods should be used to determine if tradeoff relationships exist with a certain confidence level. 
